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2. Image Formation 3. Image Processing 4. Features
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5. Segmentation 6-7. Structure from Motion 8. Motion

11. Stereo

9. Stitching 10. Computational Photography

12. 3D Shape 13. Image-based Rendering 14. Recognition



Stitching and HDR,
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5 Steps to Make a Panorama

i neell | e
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}/}//////[Mﬁlllll Sy =
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(lovds Cricket Ground, London, UK, 6&' 7. Esa)

% / Capturée Ima 965 % /Blc?/\c/é/\ , Fadnn 4,
J J J

% ‘/De%echo/\ ond matchin g CLtn g

% /\/\Jam/\ g => AL GNN S x  Croppng (Optonal)

Ima jfs



ALiIn TwaJes Translate??
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Ve View 2 Possible 4o genevate
an Yy sJA%hf%Lc_

COMEYA AW Aas Lon 9

A Bundle 0-,1) Ra. Ys Contains all Views
as + has

Synthetic
vi
Z I the same center of

S \ ProJEC AN

View |

Slideé wotivatées by James Ha ys



YA md Je. Re—Pro jection to
Panoyana /)Yod'éci'ion Plane

¥ Theé panroroma. woesal hos A

noAUYal (Neyprétation (n 3D

« Ima ges are réprojected

oto A. ComWon plané

«  The moesaic s formed on

ths plone

e «  Mosaucl (s A 3(7/\«%5%&(.
Proyection

wdé-an alé caméra
Plane = J



Inwa de Re—Pyojection ()

To vélate +wo wa 965 {vom +he same camera

centery ana wap a. pxél f YoM PP1 to PP2’

¥ Cast a ryay through eacl pxel (in ppi g %
PP2
\

x«  Draw +the pxel wheve thaot yay

(NAEYIECAS PP2
PP1




ITwa Je Re—Projection (2)

To vélate +wo wa 965 {vom +he same camera

centery ana wap a. pxél f YoM PP1 to PP2’

¥  Rothery +than a 3D vyé-proyection, \%
PP2
\

¥ 1l o7p + as a 2D wma 9GE warp 7? YoM oNé

WA g€ to aNothér
« Do rot need +o ktow +he geometry of +he PP

two planes with respect +o the eyer




Recall: Imade T vansfoyms

Which +ransform s the vight one for warpng Pp1 nto PP27
B 9. trandaton Puclidean, affine, projectise
Translotion' 2 unkrowns, Buclideon' 3 unkrowns

AlLine 6 unkmrowns, ProJective’ 8 uikowns

PEYIPECANFE

scalé P
AT /meQim g@ g
—==\

X




Homodrarh y Recasp

Relates tuwo ma. 965 {rom +he same

COMEYA CENEEY

¥

Rectandgle should map +o

axbitrayy quadrioteral
Pavallel Lines axen’ + pavallél

Strad jbu‘ ((NPS MUStE e stral jh%

wT
wy

P2

el




.Compuf 9 Homo Iraph s
Nonlineay least-Sauares (Ch. &)

4 /JV/////A\\W//]W
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Ware
into a Sharved Coordinate Seace

¥ it W Cicnl §an o | . -
 pp— y,,,,,,//////////{////,////!;//h"lhh,!\\\\\\\

ply. v §e

ian P OSSN
i < e ‘L‘"" EN
,,,,,,,//////////(I///////f’;//i””llem\\\\\\\

ey v §e




N S
< -3
S b
N 3
g g
PY
5 5
SIS



Dealind with BAD Matches




RAN Ao S Anple Consensus (R AN S AC )

¥ Select ONE wa+ch, .

Count TNLIERS

¥ Fond “avera ge >

’tL ?'CL/\S[O\% éOA £ C_'KL oY ,a‘jufv\ E e T ip® s ~

L R




RAN Lot SAnele Consensus (RANSAC)

Loop +ill {ind a conver gence/populay H.
[ Select Lour feature paivs (a4 ranrdom)
2. Compute homo gyaphy H (Exac+)
3 Compute Niérs wheyé' SSD(pin', H pin) < ¢
G . Keep lay gest set of inliers
S . Re~Compute [East-~squaYEs H estmate on all of +he inliérs

Ke‘j (dea’ Not tha+t +here are wmore niérs +han outliérs, but
that +he outliers are wrong in diffevent ways .



Not Just a Plane

Pvo Jection Plane
C(ja'/\c/ ey
Sphere

Plain  Cylinddey Sphere



Planar,
Sehevrical,
C Ylindrcal
Panoyand.s




“Findin g Panoramds >

Wsin g RANSAC and related matclin g
technques, we con find ma ges next +o each
other +hat Lorm a. panorama . So we don >4

haue to 4Ake PCAUTES (N A SEGUENCE

Brown and Lowe (2003) .



Further Readwn g

x  Pyown and Lowe (2003)  “Relo NN g
Panoryamas . > Tnternational Condéevence on
Computer Nision (TCCN2003) (padf | bib |

pprt)

¥ MiCryosof+ Research Ima 9 Composité
Beditior (1CE)

«  Parorama. Toeos Grophical Vsér Intevface
(PTG

¥ Husgmn Parnoromar Photo Sttcher



http://www.cs.bath.ac.uk/brown/papers/iccv2003.pdf
http://www.cs.bath.ac.uk/brown/papers/iccv2003.pdf
http://www.cs.bath.ac.uk/brown/papers/bib/iccv2003.txt
http://www.cs.bath.ac.uk/brown/papers/iccv2003.ppt
http://research.microsoft.com/en-us/um/redmond/groups/ivm/ice/
http://www.ptgui.com/

HiFh Dynamic Rande

Inside, No LiFhts Outside,
Lon9 £aposure wn the Sun

Into the Sun

Inscde,
Incandescent LiFht

Outside,
Undery Shade

nste, Neay Window
(Natural L Fht)



Dynamic Range

Luminance' A photometric measure of +he (Lminols (ENsity pey unt

area. of L Gt traveling in a. guen divection . measured in candela
per squave weter (edim?) .

Luminance ) ) 0 ‘ I S
(log cd/m?) | | '

stavli ght moonlc Gt (Noor sunlc ght

sHuman Static Contyast Ratio 1001 (O%) = about 65 f-stops
*Human Dynamic Contrast Ratio 10000001 (%) = abeout 20 f-stops



Limited Dynamic Rande of Currvent Camerds

[
— o 1 -
- |

o N= -
=~
- -'p -
i

Shovt Piposure Snow and Outside Visible Long Pirosuve: Inside Visible

« Need about 5-10 million values to store all by L Thtnesses around us

« 8-bit ma Jes Provide only 256 values!!



Limited Dynamic Rande of Currvent Camerds

M gl c/JACLmAc YON GE

|07° 10°

Real world -

/ 0—6 // / Oé

Photodrarh .
O to 255

Short Eaposure. Snow and Outside Visible

« Need about 5-10 million values to store all by (Thtnesses Arvound us.

« &bit imd Jes Provide only 256 values!!



Limited Dynamic Rande of Curvent Camerds

W gl o ynamic yan 5
1076 10°
1 | I R R
Real world

/T

Photodrarh .
O to 255

Lonj ﬁLPoqué Z /LSLJ@ Vcscé)(,é

« Need about 5-10 million values to store all by (Thtnesses around us.

« 8-bit ma Jes Provide only 256 values!!



Relationship Between Inade and Scene By Fhtness
The Ima g¢ Acquisition Ppeline

Scene | Sensoy 3 Sensoy
Radiance Iyradiance

(L) ¥ (E) | (H)
[Wisrim?] L= [Wim?] Wim?/s
Lwear

Digital |

Pael Values (T)
Volta Jes valves | Ropappind . .
vy /) *COMPRESSED

IMAGE*

{Non-Lnearr




Relationship Between Inade and Scene By Fhtness

gL »E>H=>1 {—=>g':12HE >L

Scene | Sensoy 3 Sensoy

Radiance Tyyadiance Faposure | . .
Shutter -

[W/sr/m?] ‘s [Wim?] Wim?/s
| NCAY

Digital |

Piel Values (I)
Volta Jes Yalves | Ropappind X .
sy / *COMPRESSED

IMAGE*

{Non-Lnearr
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Cawera Calibyation

\CONEA T C

How pix &l Coovclinates relaté 4o

Aivréctions (n e world
Racliométyic /| Plhotomé4ryic

How poxel values réla4é +o

yadionce amounts (N 4hé worls!

D1X_2248 ACR Camera Defaults

96.71.62 - 182.146.134

16° 35% 38%
01 Dark Skin

191.114.59 69.91.161

25°69% 75%  226° 57% 63%
07 Orange 08 Purplish Blue

26.57.142 104.152.80

224°82% 56% 100° 47% 60%
13 Blue 14 Green

225.222.220 201.201.201

24°2% 88% 0°0% 79%
19 White 20 Neutral 8

96.122.157

214°39% 62%
03 Blue

187.91.109

349° 51% 73%
09 Moderate Red

170.54.69

352° 68% 67%
15 Red

172.171.171

0°1% 67%
21 Neutral 6.5

94.108.67

80°38% 42%
04 Foliage

86.63.101

276° 38% 40%
10 Purple

232.198.73

47° 69% 91%
16 Yellow

129.132.130

140° 2% 52%
22 Neutral 5

138.136.177

243° 23% 69%
05 Blue Flower

175.194.79

70° 59% 76%
11 Yellow Green

183.94.153

320° 49% 72%
17 Magenta

85.85.85

0°0% 33%
Z utral

GretagMacbeth™ ColorChecker Color Rendition Chart

60.138.176

200° 66% 69%
18 Cyan

0°2% 21%
24 Black




Radionetyic Calibration

g:L 2E=>H=>IK=>g!: 1 >H>E 2L

¥ A Coloy Chart with know rveflectances

\ \
\ \

90% 59.1% 36.2% 19.8% 9.0% 3.1%

¥  NMultwle cameérya eapPosurés to 1[ L up the
CUY\E

¥  Nethod assumes constant LiFhting on all
patches and worvks best when souvce is —/ ay
away (example sunliFht)

LLLLL
VVVVVV

¥ Unigue inverse exists because g s wonotonic

and swooth fovy all cameyds
(Grossher § and Nayary 2003)
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flevent Eaposures

(

A Sequence of Inwa des of D

s
|fl-
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Sevies of Tna des

Pocel Nalues (1)

At =l/64 sec At = I/l6 sec At = I/4 sec At = | sec At = 4 ec

log Ex_posure (W) |

Pocel Nalues (1) = 9/ Bxposure)
Ex posure (W) = Irradwnce (B)x A+
(o 9 Ex posure [ H) = (o 9 Irradiance 4 E) + (o 9 N+

Debevec and walik (997



Piel
Values (1)

Response. Curveés

Pel A
Valtues (1)

= ——
Lo Faposure (H) Lo Fa posure (H)
Assumin g LNt Af+er adjusting
yadiance for yadiances 4o obtain A

cocl  pxel Moot YESPoNSE CUTUE



ITtevatove NMethod

Foy cach pxel sete ¢ in cach wage J, we have

Ziy = [(Xi5) = f(LiAt;) ()

So, f have {, we can estimate the orvadiance wa ¢ 1 as

1 mz () (2)

Not-& 7? s a lookup +able
\/\Je CAN YE-CHWAAE AS' f_l(Zij) — IiAtj — Xz'j

(3)

Ltevate (2) and (3), untd Conséy 9ence



eno—t e/

Ry

Gamma slider

Next Source Image . Re-evaluate HDR
Toggle Annotation Exposure slider




How to Compute: Debevec 99

x  Let j( 2) be the discrete invevse yESponse Lunction

¥ For edlch pOLEl SHte (N Eacllh wma 9
[ In(£;) + In - ¥

tttttttttt

% Solyé 4heé o\hf?VC/ etevymined Lineary SJS%E
over P diffevent exposure wa ges

', compu%f

Lor N poxéls

maa:

> (B +In(Aty) —g(Zi)" + A D g (2)°

1=1 1=1 2=Lumin

See Debevec and malie (1971) Lor more detadls



Response. C

log exposure X log exposre X

Red(dashed), Grean(2did), and Elus (dash—doted) cuves

log exposure X

(Not actual curves for these ima des, used
heve just for dewonstyation)




Radance NMage

(257 00

h

.
L
Y

‘.. .

R el & e T
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Need a New File Formwat

Ra.diance Format

32 bits /' poxel

Red] Green Plue Ex_ponent
* (145,215,87,149) = * (145,215,87,103) =
* (145,215, 87) * 2A(149-128) = * (145,215,87) * 2A(103-128) =
* (1190000, 1760000, 713000) * (0.00000432, 0.00000641, 0.00000259)

War o 4 2000), Theve are Man Y ot ér 7p oYMAAS 400
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T one Nappw g

MNP oNE sé+ ojp Colorys 4o afotheér

Displa yin g on a. wmedium +ha+t has
Limted d ynamic. yan ¢

Prinders, wontors, and projecors

all have a limted d ynamc
Yange

Lnadeguate +o yéproduce +he full
Yange of light (ntensities present
N nafural scenes


http://en.wikipedia.org/wiki/Dynamic_range

T one Nappw g

Addresses +he problem of

stYoN g Cortrast veduction {yom +the scene
radwnce 4o the displa yoble yan ¢

presevvus the wa g5¢ detads and coloy
APPEATYANCE

ANy well-known AL Govithms exist for s

See Banrtevle, e+ al (20, Renharyd et S e R
al . [2002) and Durand and ﬂo’rsfd (2002) R ———



http://en.wikipedia.org/wiki/Radiance
http://www.banterle.com/francesco

T one Nappw g

He gl c/(y/\cum'c_ YON GE

(07¢ (0°
| | | | | | | | | | | | |

Real world

- [

Photodrarh .

O to 255

Match Limited contrast of the Use Liltering appreaches to “‘compréss >
ml d L locally and jéoé)a(,(,‘j

WPreseyve Adetails



Furthey Infovmation

%  Gossher § and Nayox (2003), “Determinng +he
Camera. Response {rom tma. ges' What s
Knowable?, > 1BRR Transactions on Pa44ErN

Anal ysis and machine Tntelli gence,

x  Debevec and walik ((997) . “Recosering W gh
Dynamic Range Radiance maps o rom
Photo graphs . ¥ Tn SIGGRAPH (997

v Ward (J2000), “W gk Dynamc Ransge tma. gin9,

Pyoceedin 98 ojp the Nt Coloy Tma jéﬂ 9

Contevence, Novrember 200(



http://www.anyhere.com/gward/papers/cic01.pdf

Furthey Infovmation

*

Durand and Dovsey ([2002), “Fast Bloteral Fltering
for the Display of Wi gh-Dynamic-Range ma ges > 1n
SIGGRAPH 2002

Reinhaxd, Staxk, Shrley and Fevwerda. (2002),
“Plhoto graphic. Tone Reproduction for Diqital Ima ges >, 1n

SIGGRAPH 2002

Banterle, Artus, Debattista, and Clhalmers (20(0)

Advanced Wi gk DJ/\CLM&C_ Range tma. ging CRC Press  (with
Matlab Code)

AN Y Softwarxe sutes on +he Internet

Also, Look for “Bxposure Fusion >


http://www.cs.utah.edu/~reinhard/cdrom/
http://www.banterle.com/francesco
http://www.cyi.ac.cy/user/51
https://digital.warwick.ac.uk/High-Fidelity-Virtual-Environments/kurt-debattista.html
https://digital.warwick.ac.uk/Alan/

1

Credits

Softwares usedd

“ Matlab by Mathwork '3 Tnc

For more é/ﬁp oYMAAtof\, SEE

% Richard Sxelski (20(0) Computer

Vision ™ Al Ljo?'é%kMs ona Applications,
Sprn ge |

Some Concéepts (n slides wotivated by
smlar slides by J . Hays

Photo gyaphs by Lrfan Essa



